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The nonstructural protein 5A (NS5A) encoded by the human hepatitis
C virus RNA genome is shown here to induce the activation of NF-kB
and STAT-3 transcription factors from its cytoplasmic residence via
oxidative stress. NS5A causes the disturbance of intracellular calcium.
Ca21 signaling triggers the elevation of reactive oxygen species in
mitochondria, leading to the translocation of NF-kB and STAT-3 into
the nucleus. Evidence is presented for the constitutive activation
of STAT-3 by NS5A. In the presence of antioxidants [pyrrolidine
dithiocarbamate (PDTC), N-acetyl L-cysteine (NAC)] or Ca21 chelators
(EGTA-AM, TMB-8), NS5A-induced activation of NF-kB and STAT-3
was eliminated. These results provide an insight into the mechanism
by which NS5A can alter intracellular events relevant to liver patho-
genesis associated with the viral infection.

Hepatitis C virus (HCV) causes acuteychronic hepatitis with
a significant risk of end-stage cirrhosis and hepatocellular

carcinoma (1). The single-stranded RNA genome of the human
HCV is a 9.6-kb-long positive-sense molecule, which encodes a
polyprotein of about 3,000 aa (2, 3). The polyprotein is post-
translationally cleaved by both viralycellular proteases to pro-
duce about 10 polypeptides that include structural (core and E1
and E2) and nonstructural (NS2, NS3-NS5AyB) proteins (2, 3).
The single long ORF is preceded by 332 or 342 nt of the 59
untranslated region, which harbors an internal ribosome entry
site capable of initiating translation at an internal site (4–6). The
39 end of the RNA genome contains a unique sequence of the
untranslated region that is necessary for initiating RNA repli-
cation. Although the infectious cDNA clones that have been
generated could infect chimpanzees, they failed to replicate in
vitro in cultured cell lines (7). Lohmann et al. (8) described the
generation of efficient replicating HCV RNA subgenomic rep-
licons coexpressing a neomycin-resistance marker. A high level
of replication of subgenomic replicons was characterized, result-
ing from adaptive mutations, which were scattered throughout
the HCV genes of the replicon (9, 10).

The HCV NS5A has generated a significant level of interest
as several cellular targets have been identified. NS5A is a serine
phosphoprotein, which exists as a polypeptide of p56 or p58 with
varying degrees of phosphorylation (11, 12). The identity of
cellular kinase(s) responsible for NSS5A phosphorylation has
not been firmly established. NS4A, an integral membrane pro-
tein, has been shown to modulate NS5A phosphorylation at least
for some HCV subtypes (13). NS5A is localized to the cytoplasm
in the perinuclear reticular network characteristic of the endo-
plasmic reticulum (ER) membrane (3, 14). NS5A came into
prominence because of its suggested role in IFN resistance. It
was shown that NS5A directly interacted with double-stranded
RNA-dependent kinase (PKR) and inactivated its function, thus
modulating the IFN-stimulated antiviral response (15). Neither
the sites of hyperphosphorylation nor the region designated
ISDR (IFN-sensitive determining region) within NS5A was
found to be necessary for the HCV replicative functions (8, 16).

Among other cellular targets of NS5A, an interaction with the
VAP-30 membrane protein, along with NS5B, has been de-
scribed (17), implicating the membrane association of the rep-
lication complex. Membrane association of HCV replication
complex is consistent with other models of RNA viral replication
(18). Upon viral infection, cells become programmed to produce
large amounts of viral proteins that are processed through ER.
This may elicit an ER overload response, as has been docu-
mented for a number of viral proteins (19, 20).

It was previously shown that NS5A can function as a tran-
scriptional trans-activator (refs. 21–23 and unpublished results).
Although these reports implicate a functional role of NS5A in
transcription, the exact nature of its role or the mechanism(s)
involved in regulating the cellular transcription has not been
investigated. This study was undertaken to investigate the func-
tion of NS5A as a transcriptional trans-activator. NS5A is
localized to the ER, whereas transcriptional trans-activation
traditionally requires the protein to be in the nucleus. We
reasoned that NS5A must participate in signal transduction
pathways that are initiated in the cytoplasm where it resides.

In this study, we report that NS5A can activate cellular tran-
scription factors by inducing oxidative stress in the cells. We have
focused on NF-kB and STAT-3, both of which exist in latent form
in the cytoplasm and respond to signals for activation and trans-
location to the nucleus. These data further demonstrate a potential
role of NS5A in altering calcium homeostasis in cells. The evidence
in support of these conclusions is based on studies in which
antioxidant reagents abrogated NS5A’s ability to activate transcrip-
tional factors. Similarly, the reagents that chelate calcium also
reduced NS5A’s ability to activate transcriptional factors. Direct
measurements of reactive oxygen species (ROS) established its
ability to induce oxidative stress. These studies further revealed an
intriguing property of NS5A in constitutively activating STAT-3,
which normally requires cytokine signaling for its activation (24).
These studies provide insight into the mechanisms by which NS5A
may contribute to liver disease pathogenesis as well as hepatocel-
lular carcinoma associated with the viral infection.

Methods
Plasmids. Plasmids p3x-kB-Luc (luciferase reporter driven by min-
imal fos promoter with three upstream NF-kB binding sites from
MHC class I) and p3x-mut-Luc (mutated NF-kB site) were a
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generous gift of J. Martin (University of Colorado, Boulder). The
HCV NS5A-coding sequences and the mutated versions of it were
generated by PCR amplification of HCV plasmid pCMV729-3010
(14) (a gift of K. Shimotohno, Kyoto Univ., Kyoto, Japan) (13). The

plasmid pCMV729-3010 contains coding sequences of all of the
nonstructural proteins. A flag tag was added at the N terminus of
the NS5A sequences. The primers used to PCR-amplify NS5A
sequences contained HindIII and XbaI restriction sites, respectively.
The PCR-generated fragments were cloned into the HindIII and
XbaI sites of pRcyCMV vector (Invitrogen) to produce pCNS5A,
pCNS5A-M1, pCNS5A-M2, pCNS5A-M3, and pCNS5A-M4, re-
spectively. Manganese superoxide dismutase (Mn-SOD) expres-
sion vector was a gift from S. Flores (Univ. of Colorado Health
Sciences Center, Denver).

Cell Transfections. About 60–70% confluent cells in 60-mm dishes
were transfected with indicated plasmids with Lipofectin reagent
(GIBCO). Antioxidants N-acetyl L-cysteine (NAC), pyrrolidine
dithiocarbamate (PDTC), and metal ion chelators EGTA-AM,
EGTA, TMB-8, and Ruthenium red (RR) were added to the
transfected cells for various incubation times before harvesting
cells for mobility-shift assays and measuring luciferase activities.
RR and TMB-8 were purchased from Aldrich and Sigma,
respectively. Luciferase activity was determined by standard
procedure.

Electrophoretic Mobility-Shift Assay (EMSA). EMSA was carried out
on nuclear extracts prepared from untransfected or pCNS5A-
transfected Huh 7 cells by standard methods. NF-kB, STAT-3,
AP-1, and Oct-1 consensus oligonucleotides were radiolabeled
with [g-32P]ATP in the presence of T4 polynucleotide kinase.
About 15,000 cpm of each oligonucleotide probe and 5 mg of
indicated nuclear extracts were subjected to 5% PAGE. The gel
was dried and autoradiographed.

Immunoprecipitation and Western Blot Analysis of STAT-3. Nuclear
lysates were prepared as described above from Huh-7 cells
untransfected or transfected with pCNS5A, pCNSM4, and
pCMV729-3010 expression vectors. The lysates were immuno-
precipitated with anti-STAT-3 serum and fractionated by SDSy
PAGE. Gels were electroblotted onto poly(vinylidene difluo-
ride) membrane (Amersham Pharmacia) and probed with
monoclonal antiphosphotyrosine antibody and visualized by
using the ECL detection system (Amersham Pharmacia).

Detection of Intracellular ROS. Thirty-six hours posttransfection,
cells were treated with dihydroethidium for 45 min. Cells were
harvested in 50% FBSyDMEM, washed two times with PBS, and
finally suspended in 300 ml of PBS; superoxide levels were
measured by using an XL00W42322 flow cytometer with an
excitation emission at 605 nm.

Results
NS5A Induces Activation of NF-kB and STAT-3. To demonstrate the
role of NS5A in regulating cellular transcription, EMSA studies
were initiated with four oligonucleotides representing cognate
sequences for the transcription factors NF-kB, AP-1, STAT-3,
and Oct-1. The EMSA results clearly show the activation of
NF-kB and STAT-3 transcription factors in nuclear lysates
expressing NS5A (Fig. 1A). Activation of STAT-3 was surprising
because it is known to be activated by cytokines such as IL-6 and
epidermal growth factor (24). We next examined the status of
STAT-3 tyrosine phosphorylation in NS5A-expressing cells. The
results of the Western blot analysis are presented in Fig. 1B and
demonstrate constitutive induction of tyrosine phosphorylation
of STAT-3 by NS5A (Fig. 1B, lane 1). In this analysis, we
included two additional controls. An NS5A deletion mutant,
pCNSM4 (Fig. 2A), was included, which failed to stimulate
STAT-3 activation (Fig. 1B, lane 3). No STAT-3 stimulation was
observed in untransfected Huh-7 hepatoma cells (Fig. 1B, lane
4). We further used an expression vector (pCMV 729-3010) (14),
which expresses all of the nonstructural proteins (NS2–NS5) and

Fig. 1. HCV NS5A activates NF-kB and STAT-3. (A) Activation of cellular
transcription factors by NS5A. EMSA was carried out in the presence of
32P-labeled oligonucleotide probes corresponding to NF-kB, AP-1, Oct-1, or
STAT-3 in the presence of equal amounts of nuclear lysates prepared from
untransfected and Huh-7 cells transfected with wild-type pCNS5A expression
vector. (B) NS5A constitutively activates STAT-3 tyrosine phosphorylation.
Western blot analysis of STAT-3 protein in cell extracts transfected with
wild-type pCMV 729-3010, pCNS5A, or pCNSM4 expression vectors. Cellular
lysates were immunoprecipitated with anti-STAT-3 polyclonal serum and
Western-blotted with antiphosphotyrosine mAb. Blot was detected by using
an ECL kit (Amersham Pharmacia). Lanes 1–3, lysates from cells transfected
with pCNS5A, pCMV 729-3010, or pCNSM4 mutant expression vectors, respec-
tively. Lane 4, untransfected lysates. (C) NS5A induces DNA binding activity of
NF-kB. EMSA was carried out with 32P-labeled NF-kB probe and increasing
concentrations of NS5A-transfected lysates. Lane 1, probe alone; lanes 2–4,
NF-kB probe incubated with 0.5, 1, and 2 mg of NS5A transfected lysates,
respectively. (D) Supershift of NF-kB protein–DNA complex. EMSA was carried
out as described above. Lanes 1 and 4, NF-kB protein–DNA complex; lanes 2
and 3, complex incubated with anti-p50 and anti-p65, respectively.
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is capable of activating STAT-3 (Fig. 1B, lane 2). The rationale
behind using this vector is to examine the ability of NS5A in
inducing STAT-3 activation in the context of other viral proteins
it is known to associate with (3, 14, 25). These results clearly
document the ability of NS5A to constitutively activate STAT-3.
HCV nonstructural proteins including NS3, NS4, and NS5AyB
are believed to form a ribonucleoprotein complex that is asso-
ciated with the ER membrane (14, 25).

In the next series of experiments, we present evidence for the
stimulated NF-kB and STAT-3 DNA binding in the lysates
prepared from NS5A-transfected Huh-7 cells. A dose-dependent
activation of NF-kB as a function of DNA concentration of the
NS5A expression vector is shown during EMSA (Fig. 1C). The
DNA–protein complex migrated slowly in the presence of anti-
body to the NF-kB subunit p50, but the p65 antiserum failed to
show similar pattern. The failure to produce a supershift of the
DNA–protein–antibody complex could be caused by the poor
recognition of the DNA–protein complex containing NF-kB for

anti-p65 antibody (Fig. 1D). To identify the activation domain of
NS5A, deletion mutations were generated representing different
regions of the protein (Fig. 2 A). All four NS5A mutants express
truncated proteins, which was assessed by immunofluorescence
(data not shown). EMSA performed using NF-kB and STAT-3
probes and showed activation of those factors by wild-type
NS5A, but the four deletion mutants failed to induce that activity
(Fig. 2 B and C), suggesting the presence of more than one
interactive domain within the NS5A protein.

Next, we carried out similar analyses in the presence of
chelators of calcium. The rationale behind this line of inquiry is
that NS5A expression in the membrane may cause alteration of
calcium homeostasis. These changes in intracellular calcium
levels have been shown to contribute to the activation of NF-kB
(26, 27). During transfection, the cell monolayers were treated
with EGTA-AM, EGTA, and TMB-8. EGTA-AM and TMB-8
are chelators of calcium. As can be seen in Fig. 3A, the activation
of NF-kB was significantly reduced in the presence of these

Fig. 2. NS5A deletion mutants do not activate NF-kB and STAT-3. (A) Schematic of NS5A deletion mutants. Dotted lines represent the extent of deletion of NS5A
sequences. (B) Wild-type NS5A, but not the deletion mutants, activates NF-kB. EMSA was carried out with lysates transfected with wild-type NS5A (lane 3) and
a series of NS5A deletion mutants as indicated in A (lanes 4–7). Lane 1, probe alone; lane 2, untransfected lysates. Lane 3, NS5A-transfected nuclear lysates; lanes
4–7, NS5A-deletion mutants as indicated in A. (C) NS5A activates transcription factor STAT-3. EMSA was carried out as described above in B. Lane 1, probe alone;
lane 2, untransfected lysates; lane 3, NS5A-transfected nuclear lysates; lanes 4–7, NS5A-deletion mutants as indicated in A.

Fig. 3. Calcium chelators and antioxidants inhibit NF-kB
and STAT-3. (A) EMSA with NF-kB probe with NS5A-
transfected lysates as described in Fig. 1. Lane 1, untrans-
fected; lanes 2–7, NS5A-transfected nuclear lysates treated
with EGTA-AM, TMB-8, and EGTA for 4 or 12 h, respectively.
The data described in lanes 6 and 7 were from a different
experiment. (B) Inhibition of NS5A-induced NF-kB activation
by antioxidants. EMSA with NF-kB probe and lysates from
untransfected (lane 1), transfected with NS5A vector (lane
2), and Mn-SOD expression vector (lane 3). Lanes 4–7, NS5A-
transfected lysates treated with 30 mM NAC (lanes 4 and 5)
or 100 mM PDTC (lanes 6 and 7) at 4 or 12 h, respectively, as
indicated. (C) HCV nonstructural proteins (NS2–NS5) activate
transcription factors NF-kB and STAT-3. EMSA was carried
out in the presence of NF-kB probe (lanes 1–9) or STAT-3
probe (lanes 10–16), and nuclear lysates were prepared from
cells transfected with pCMV729-3010. Lanes 6 and 10, probes
alone; lanes 1, 7, and 11, untransfected lysates. Lanes 3 and
13, cotransfected with Mn-SOD and pCMV729-3010 expres-
sion vectors. All other lanes, pCMV729-3010-transfected nu-
clear lysates treated with antioxidants, 100 mM PDTC, 30 mM
NAC, or Ca21 chelator TMB-8 (100 mM) as indicated.

Gong et al. PNAS u August 14, 2001 u vol. 98 u no. 17 u 9601

BI
O

CH
EM

IS
TR

Y



reagents. EGTA is an extracellular Ca21 chelator and has little
effect on reducing NF-kB activation, whereas the esterified Ca21

chelator, EGTA-AM, effectively reduced the NF-kB activation,
suggesting that the intracellular Ca21 is responsible for the
observed activation of NF-kB. These results suggest the require-
ment of calcium as messenger for NF-kB activation. The use of
these chelators distinguishes the origin of Ca21 between extra-
cellular versus intracellular stores (26). Alteration of calcium
homeostasis within the ER has been shown to trigger production
of reactive oxygen intermediatesyROS (19, 27). ROS production
can occur in the ER or mitochondria (19). The Ca21 released
from ER is readily taken up by the mitochondria (19, 20). To
determine whether reactive oxygen intermediates are involved in
NF-kB activation, we used oxidative stress inhibitors NAC and
PDTC, which counteract the oxygen free radical effects (26, 27).
EMSA was carried out by using the lysates prepared from Huh-7
cells transfected with NS5A expression vector and subsequently
incubated with PDTC and NAC for 4 or 12 h, respectively. We
also cotransfected Huh-7 cells with both NS5A and Mn-SOD

expression vectors. Activation of NF-kB was significantly re-
duced in the presence of NAC and PDTC after 12 h of exposure
(Fig. 3B). Similarly, the overexpression of Mn-SOD led to a
dramatic abrogation of NF-kB activation. Overexpression of
Mn-SOD has been shown to inhibit activation of NF-kB (28).
These data clearly support the view that ROS levels are elevated
as a result of NS5A expression and that antioxidants that
counteract oxygen free radicals eliminated these effects.

We next used a vector pCMV 729-3010, which has been
previously described to express all of the HCV nonstructural
proteins that are appropriately processed during transient trans-
fection (14). EMSA analysis was carried out using lysates from
Huh-7 cells transiently transfected with pCMV 729-3010 along
with the indicated pharmacological reagents. The results de-
scribed in Fig. 3C show that expression of all of the nonstructural
proteins, including NS5A, produced the same results during
EMSA, i.e., NF-kB and STAT-3 activation occurred and was
eliminated in the presence of antioxidants NAC and PDTC.
NAC and PDTC did produce low levels of inhibition of NF-kB
activation in untransfected cells, as has been previously seen in
other studies (data not shown; ref. 19). Collectively, these data
document the ability of NS5A to induce Ca21 signaling, leading
to the generation of ROS. These cellular events ultimately
manifest in the activation of NF-kB and STAT-3.

NS5A Stimulates NF-kB-Dependent Luciferase Activity. A luciferase
expression vector under the transcriptional control of NF-kB
motifs (multimers) was used to monitor the trans-activating
effect of NS5A. A series of cotransfections was carried out with
similar reagents used above to confirm the activation of NF-kB
by cell-based assays. The initial analysis of these cotransfections
also included a mutant form of the NF-kB luciferase vector as a
negative control. Results shown in Fig. 4 demonstrate that in the
presence of increasing concentrations of NS5A, luciferase ac-
tivity was significantly increased, whereas similar levels of NS5A
expression did not lead to any luciferase expression under the
control of mutant NF-kB–luciferase vector (Fig. 4A). These
studies were extended to include the calcium chelators
EGTA-AM and TMB-8, all of which abrogated luciferase ex-
pression (Fig. 4B). In the presence of RR, the NF-kB-regulated
expression was significantly reduced (Fig. 4B). The reduction in
luciferase activity in the presence of RR suggests that mitochon-
drial uptake of intracellular Ca21 is required for the activation
of NF-kB. RR inhibits mitochondrial uptake of Ca21 (29). The
role of antioxidants, NAC, PDTC, and overexpression of Mn-
SOD was studied during the expression of NF-kB luciferase, and
the results shown in Fig. 4C support the EMSA results shown
above. NAC and PDTC reduced NF-kB-controlled luciferase
expression. Similar results were obtained during cotransfection
with an Mn-SOD expression vector (Fig. 4C). We next con-
firmed the luciferase activity in the presence of all of the HCV
nonstructural proteins (pCMV729-3010). Results described in
Fig. 5A show that expression of HCV nonstructural proteins,
which includes NS5A, also led to an increase of luciferase activity
as a function of HCV protein concentration. However, luciferase
activity was dramatically reduced in the presence of NAC,
PDTC, and Mn-SOD (Fig. 5B). These results reinforce the issue
that NS5A can induce NF-kB in the context of the rest of the
nonstructural proteins; however, this property of NS5A is sen-
sitive to chelators of Ca21 and antioxidants. These results suggest
that activation of transcriptional factors requires signaling from
both Ca21 and ROS, whose intracellular levels are affected by
NS5A expression.

NS5A Induces ROS Production. Next, we investigated whether NS5A
expression triggers the generation of ROS. NS5A-transfected
cells were stained with dihydroethidium and subjected to flow
cytometry. Results described in Fig. 6A clearly show the pro-

Fig. 4. Effect of NS5A on the NF-kB controlled luciferase expression. (A)
Dose-dependent activation of NF-kB by NS5A. Huh-7 cells were cotransfected
with increasing amounts of pCNS5A along with the wild-type or mutant NF-kB
luciferase plasmids. (B) Calcium chelators inhibit NS5A-mediated NF-kB-
controlled luciferase activity. Cells were transfected as described in A and
treated with EGTA-AM (500 mM), TMB-8 (100 mM), and RR (30 mM) for various
times of inhibition before luciferase activity. (C) Antioxidants inhibit NS5A-
mediated NF-kB-controlled luciferase activity. Transfected cells were treated
with NAC (30 mM) and PDTC (100 mM) for 6 h before preparing lysates for
luciferase activity. Cells were cotransfected with NS5A and Mn-SOD expression
vector along with the reporter plasmids.
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duction of ROS as evidenced by an increase in ethidium staining
of DNA. Dihydroethidium is oxidized to ethidium by superoxide
anions. Once oxidized, ethidium is free to intercalate with DNA
in the nucleus, where it emits f luorescence at 605 nm (FL3 log
scale) (30). This pattern also was observed in cells expressing all
of the nonstructural proteins (Fig. 6B). These data suggest a
direct involvement of NS5A in the ROS production.

In summary, the data described above demonstrates that HCV
NS5A expression is capable of an ER–nucleus signal transduc-
tion pathway, which involves both Ca21 and ROS as second
messengers. These intracellular events ultimately contribute to
the activation of NF-kB and STAT-3.

Discussion
The HCV nonstructural proteins including NS5A are associated
with the membrane in the reticular network of the ER in the
perinuclear area (2, 3, 14, 17, 25). They form an ribonucleopro-
tein complex, which is assembled to link translation of the viral
genome with the subsequent events of replication, a function
needed to perpetuate and establish the infectious process in
hepatocytes. NS5A is one of the components of the ribonucle-
oprotein complex, which also includes the viral RNA genome
poised to initiate minus strand synthesis soon after RNA has
been translated. RNA viruses replicate principally on mem-
branes including ER, golgi, endosomes, or lysosomes (18). We
reasoned that NS5A being associated with the membrane is
capable of inducing ER stress. As a consequence of ER stress,
Ca21 is released from the ER, where it is mainly stored and is
readily taken up by mitochondria, where it affects the trans-
membrane potential and induces oxidative stress exhibited by the
rising levels of ROS in mitochondria (19, 31, 32). Increased Ca21

efflux from the ER can therefore directly affect the mitochon-
drial oxidant production and activation of transcription factors.
Studies have shown that calcium release precedes the production
of ROS in cells exhibiting this phenomenon (19).

In the present study, we set out to investigate the possible
mechanism by which NS5A trans-activates gene expression in the
nucleus. Various pharmacological reagents were included in the
EMSA and luciferase reporter cell-based assays, which either
chelated calcium ions or eliminated oxygen free radicals. NAC
and PDTC, which eliminate oxygen free radicals (33), dramat-
ically reduced NF-kB and STAT-3 activation induced by NS5A.
Similarly, the chelators of calcium, EGTA-AM, and TMB-8
effectively inhibited NS5A-induced NF-kB and STAT-3 activa-
tion, indicating the requirement of calcium signaling for the
observed phenomenon. Several deletion mutants of NS5A were
included in this analysis, and all of these were unable to induce
the activation of these transcription factors. Because NS5A is
associated with other viral proteins, we investigated the ability of
NS5A to induce these effects in the context of other nonstruc-
tural proteins. The results of this analysis clearly support the
ability of NS5A to activate NF-kB and STAT-3 in the context of
other nonstructural proteins, which requires both Ca21 and ROS
to mediate these effects. It is pertinent to examine the biological
and biochemical function(s) of a given HCV protein in the
context of other viral proteins because the HCV nonstructural
proteins associate with each other, and in doing so, they may fold
in conformations different when expressed individually. The
data presented here suggest the involvement of ER and mito-
chondria in the activities of NS5A in inducing the activation of
NF-kB and STAT-3. Whether other HCV proteins contribute to
oxidative stress or alteration of Ca21 homeostasis will be inves-
tigated in future.

Recent imaging techniques indicate that mitochondria exist as a
continuous interconnected mitochondrial reticulum, closely asso-
ciated with ER (34). Ca21 ions released from the ER in response
to stimuli are transferred to the mitochondrial matrix, causing local
induction of oxidative stress leading to the elevation of ROS (27).
RR, an inhibitor of electrogenic calcium import in mitochondria

Fig. 5. HCV nonstructural protein induced NF-kB-controlled luciferase ex-
pression. (A) Dose-dependent activation of NF-kB by HCV nonstructural pro-
teins (pCMV729-3010) as described in Fig. 4. (B) Antioxidants and calcium
chelators inhibit the transcriptional activation of NF-kB-controlled luciferase
expression by HCV nonstructural proteins. Cells were transfected with 4 mg of
pCMV729-3010 vector and Mn-SOD or were treated with NAC (30 mM) and
PDTC (100 mM) for 6 h and TMB-8 (100 mM) for 45 min before preparing lysates
for luciferase activity, respectively.

Fig. 6. HCV NS5A and nonstructural proteins induce the production of
intracellular ROSysuperoxide anion radicals. (A) Untransfected (control) or
NS5A-transfected Huh-7 cells were treated with 4 mM of dihydroethidium for
45 min. Cells were harvested, and superoxide levels were measured by using
flow cytometer with excitation emission at 605 nm. ROSysuperoxide levels
were assessed in untransfected (blue) and cells transfected with pCNS5A (red).
(B) ROSysuperoxide levels were determined in untransfected (blue) and cells
transfected with pCMV729-3010 (red).
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(29), inhibited NS5A-induced NF-kB activation, indicating the
involvement of mitochondria in the generation of ROS (Fig. 4).
Collectively, these studies imply the involvement of both the ER and
mitochondria in the activation of NF-kB. STAT-3 activation was
also impaired by RR (data not shown).

NF-kB stays latent in the cytoplasm as a complex of proteins
consisting of p65–p50–ikB and other proteins (33). The oxidative
stress-induced activation of NF-kB has been recently shown to be
modulated by tyrosine phosphorylation and the PEST sequences
of iKB (35). It was further demonstrated that such iKB molecules
are degraded by calpains rather than by the proteasome pathway
(35). Future work should focus on whether NS5A induces NF-kB
via these motifs of iKB. The direct consequence of activation of
these transcriptional factors is the induction of genes whose
functions can be protective andyor antiapoptotic (33, 36).

STAT-3 is activated by cytokines such as epidermal growth
factor or IL-6 (24). Similar constitutive activation of STAT-3 has
been previously reported for vSrc tyrosine kinase (37). NS5A
does not possess tyrosine kinase activity, and how it induces
tyrosine phosphorylation of STAT-3 is not clear. A complete
understanding of tyrosine kinase pathways is presently lacking.
There are multiple tyrosine kinase signaling pathways in addition
to the JAK family of kinases, which can induce STAT signaling
(38). It is likely that NS5A induction of NF-kB and STAT-3
targets to signaling pathways affecting tyrosine phosphorylation.

STAT-3 and NF-kB motifs are found in a wide variety of
cellular genes. Several lines of evidence suggest that the NF-kB

family of proteins is involved in tumor growth and metastasis,
where a high level of NF-kB activity has been observed (33, 36).
Similarly, the chronic hepatitis C liver tissues displayed elevated
levels of NF-kB compared with the normal liver (39). NF-kB
induces expression of antiapoptotic genes, such as IAP protein,
or genes that contribute to proliferation such as myc and Bcl-2
(36). It is the persistent expression of NF-kB that ensures the
expression of genes providing protection against apoptotic stim-
uli. Apart from growth stimulatory functions of STAT-3, it is also
the major inducer of acute phase of liver disease (27), which may
be relevant to the acute hepatitis associated with HCV infec-
tion (1).

An overwhelming number of studies support the role of free
radicals in the initiation and progression of multistage carcino-
genesis (40). Consistent with this idea, free radical scavengers
and antioxidant enzymes are down-regulated in tumor cells (41).
The production of hepatocellular carcinoma by HCV probably
involves a combination of indirect mechanisms. For instance,
chronic liver injury that leads to necrosis, inflammation, and
liver regeneration over a period of time can contribute to
cirrhosis, thus paving the way for events preceding liver neoplasia
(42). In keeping with this notion, NS5A has been shown to
participate in signal transduction pathways leading to growth
promotion (43). In summary, the evidence presented here for the
participation of NS5A in the ER-nucleus signal transduction
pathway implicates a potential role of this protein in the estab-
lishment of chronic liver disease in infected hepatocytes as well
as protection from apoptosis.
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